Introduction
============

Clinical islet transplantation (CIT) is a useful treatment for select individuals with type 1 diabetes (T1D) experiencing frequent hypoglycemia and glycemic lability.[@R1] However CIT has a number of risks related both to the procedure and side effects from immunosuppressive medications.[@R2] Hepatic steatosis has been identified in 20--40% of CIT recipients, but the etiology and relationship to graft function remains unclear.[@R3]^-^[@R5] The development of hepatic steatosis post-CIT may relate to the paracrine action of insulin secreted by the transplanted islets in the liver, causing increased localized hyperinsulinemia and fatty acid infiltration within hepatocytes adjacent to islet grafts.[@R3] Whether fat accumulation in hepatocytes alters islet graft function or whether graft dysfunction contributes to hepatic steatosis is unclear. Initial reports suggested that hepatic steatosis in CIT was an indicator of islet graft survival since steatosis was not seen in individuals who lost graft function.[@R6] In contrast, other studies have suggested that hepatic steatosis is associated with the need for supplementary exogenous insulin related to graft dysfunction.[@R3]^,^[@R5]^,^[@R7]

There is little information regarding long-term follow-up or outcomes related to hepatic steatosis in CIT recipients. Magnetic resonance imaging (MRI) and ultrasound (US) performed as part of routine clinical care in CIT recipients provide a noninvasive means of monitoring structural hepatic changes after CIT, including hepatic steatosis. The purpose of this study was to describe the natural history of hepatic US findings in a small cohort of CIT recipients with hepatic steatosis detected initially by MRI and to compare metabolic parameters of graft function in this cohort with a matched control group with no evidence of hepatic steatosis following CIT.

Results
=======

Case and controls were well matched for pre-transplant demographic, anthropometric and biochemical characteristics ([Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}) and similar immunosuppressive protocols were utilized; with the majority receiving daclizumab for induction, and sirolimus and tacrolimus for maintenance therapy (n = 7 vs. n = 9). A few patients received lymphodepleting agents for induction (alemtuzumab; n = 2 vs. n = 1 or thymoglobulin; n = 1 vs. n = 0, respectively) and maintenance with tacrolimus and mycophenolate (p \> 0.05). The demographic, anthropometric and biochemical characteristics of cases and controls did not differ significantly from the remaining CIT recipients (data not shown).

###### **Table 1.** Clinical characteristics of subjects

                                   All subjects                 Steatosis cases               Controls                     p
  -------------------------------- ---------------------------- ----------------------------- ---------------------------- --------
  n                                20                           10                            10                           *-*
  Male (%)                         7 (35%)                      3 (30%)                       4 (40%)                      *-*
  Age at initial CIT (yr)          38.8 ± 10.2 (24.3--56.2)     38.7 ± 10.5 (24.9--56.2)      38.8 ± 10.5 (24.3--56.1)     *0.98*
  Pre-CIT weight (kg)              67.0 ± 9.2 (53.2--90.0)      67.9 ± 10.4 (54.6--90.0)      66.2 ± 8.4 (53.2--79.3)      *0.69*
  Pre-CIT height (cm)              167.5 ± 9.1 (153.0--185.5)   166.9 ± 10.3 (153.0--185.5)   168.2 ± 8.2 (153.0--177.0)   *0.75*
  Pre-CIT BMI (kg/m^2^)            23.9 ± 2.8 (20.1--29.9)      24.4 ± 3.1 (20.1--29.8)       23.4 ± 2.5 (20.3--29.8)      *0.44*
  Diabetes duration at CIT (yr)    24.8 ± 11.4 (4.8--42.1)      23.1 ± 8.8 (12.5--39.0)       26.5 ± 13.7 (4.8--42.1)      *0.52*
  Pre-CIT insulin use (units/kg)   0.6 ± 0.2 (0.4--1.0)         0.6 ± 0.1 (0.5--1.0)          0.6 ± 0.2 (0.4--0.9)         *0.52*
  Total number of CIT received     2.7 ± 0.6 (2--4)             2.7 ± 0.5 (2--3)              2.6 ± 0.7 (2--4)             0.71

Values represented as mean ± standard deviation (range). CIT represents first islet transplantation subject received.

###### **Table 2.** Pre-transplant biochemical characteristics of subjects

  -----------------------------------------------------------------------------------------------------------------------------------------
                             Reference range   All subjects    n    Steatosis cases            n    Controls                    n    p
  -------------------------- ----------------- --------------- ---- -------------------------- ---- --------------------------- ---- ------
  HbA1c (%)                  4.3--6.1          8.3 ± 1.2\      19   8.8 ± 1.2 (6.7--10.6)      9    8.0 ± 1.2 (6.4--10.4)       10   0.17
                                               (6.4--10.6)                                                                           

  Fasting glucose (mmol/L)   3.3--6.0          11.0 ± 4.3\     13   10.8 ± 5.3 (2.2--16.4)     5    11.1 ± 3.9 (4.0--15.9)      8    0.91
                                               (2.2--16.4)                                                                           

  TC (mmol/L)                \< 5.20           4.5 ± 1.0\      20   5.0 ± 1.0 (3.4--7.3)       10   4.1 ± 0.7 (3.2--5.1)        10   0.02
                                               (3.2--7.3)                                                                            

  LDL (mmol/L)               \< 2.50           2.5 ± 0.7\      20   2.8 ± 0.7 (1.4--4.3)       10   2.2 ± 0.4 (1.5--2.6)        10   0.02
                                               (1.4--4.3)                                                                            

  HDL (mmol/L)               \> 0.90           1.6 ± 0.4\      20   1.8 ± 0.3 (1.4--2.3)       10   1.5 ± 0.5 (0.9--2.5)        10   0.14
                                               (0.9--2.5)                                                                            

  TG (mmol/L)                \< 2.30           0.9 ± 0.5\      20   0.9 ± 0.7 (0.4--2.9)       10   0.9 ± 0.3 (0.5--1.2)        10   0.81
                                               (0.4--2.9)                                                                            

  ALP (IU/L)                 30--130           65.1 ± 20.5\    20   68.7 ± 16.3 (46.0--94.0)   10   61.4 ± 24.3 (15.0--104.0)   10   0.44
                                               (15.0--104.0)                                                                         

  AST (IU/L)                 \< 40             26.0 ± 11.4\    20   28.6 ± 13.8 (16.0--66.0)   10   23.4 ± 8.3 (14.0--40.0)     10   0.32
                                               (14.0--66.0)                                                                          

  ALT (IU/L)                 \< 40             17.0 ± 8.0\     17   14.5 ± 4.3 (10.0--22.0)    8    19.8 ± 9.8 (10.0--37.0)     9    0.18
                                               (10.0--37.0)                                                                          

  Total bilirubin (umol/L)   \< 20             12.7 ± 13.6\    20   6.3 ± 4.5 (1.0--15.0)      10   19.0 ± 16.8 (4.0--53.0)     10   0.03
                                               (1.0--53.0)                                                                           
  -----------------------------------------------------------------------------------------------------------------------------------------

Values represented as mean ± standard deviation (range).

The average duration of follow-up (between initial CIT and most recent MRI or US exam) was 8.5 ± 3.2 (0.5--10.9) years in cases. Subjects were 40.5 ± 10.4 (25.2--56.6) years of age when steatosis was detected. Subjects had undergone 3 ± 0.9 (1--4) MRI exams and 9 ± 2.5 (4--12) US exams. The mean interval between CIT and first detection of hepatic steatosis was 2.3 ± 1.9 y for MRI and 2.8 ± 2.2 y for US.

The progression/regression of hepatic steatosis detected by US is illustrated in [Figure 1](#F1){ref-type="fig"}. In one subject (\#9 in [Figure 1](#F1){ref-type="fig"}), despite the consistent presence of hepatic steatosis on MRI, the presence of steatosis could not be confirmed by US imaging. Hepatic steatosis persisted for 4.6 ± 2.0 (0.1--7.8) years, and resolved in 5 (50%) cases after a mean of 4.3 ± 1.4 y, with one case resolving within 15 mo. In two subjects (\#1 and \#3) there was a recurrence of hepatic steatosis after an interval of 1.0--1.8 y, which persisted for up to 2 y. There was no clear relationship between additional islet infusions and the resolution or recurrence of steatosis.

![**Figure 1.** Time course of appearance of hepatic steatosis in cases on ultrasound examination. Shaded bars represent the period when steatosis was apparent on US, while open bars represent absence of fat on US. The period of observation begins with the initial transplant. Subsequent islet infusions are marked. In one case (subject \#9) the presence of hepatic steatosis identified by MRI could not be confirmed by US imaging.](isl-5-16-g1){#F1}

At the time steatosis was first detected in cases, there were no significant differences from controls in any biochemical parameters or measures of graft function ([Table 3](#T3){ref-type="table"}), or use of supplementary exogenous insulin (4 cases vs. 3 controls; p = 0.78) or dosing (0.1 ± 0.2 vs. 0.1 ± 0.1 units/kg, respectively; p = 0.27).

###### **Table 3.** Biochemical characteristics of cases and controls at time of hepatic steatosis detection

                                  Reference range   Steatosis cases              n    Controls                    n    p
  ------------------------------- ----------------- ---------------------------- ---- --------------------------- ---- ------
  HbA1c (%)                       4.3--6.1          6.8 ± 0.7 (6.1--8.3)         9    6.6 ± 0.8 (5.1--7.5)        10   0.5
  Fasting glucose (mmol/L)        3.3--6.0          7.2 ± 1.3 (5.5--8.7)         4    7.2 ± 1.9 (5.1--10.9)       8    1
  Stimulated C-peptide (nmol/L)   0.3--1.32         0.46 ± 0.31 (0.09--1.01)     9    0.41 ± 0.31 (0.03--0.78)    10   0.74
  Stimulated c-peptide: glucose                     0.12 ± 012 (0.001--0.39)     10   0.16 ± 0.12 (0.02--0.34)    9    0.5
  TC (mmol/L)                     \< 5.20           4.8 ± 0.0 (4.8--4.9)         2    4.2 ± 0.5 (3.5--4.9)        5    0.21
  LDL (mmol/L)                    \< 2.50           2.6 ± 0.3 (2.4--2.7)         2    2.3 ± 0.6 (1.7--2.9)        5    0.64
  HDL (mmol/L)                    \> 0.90           1.8 ± 0.7 (1.3--2.3)         2    1.3 ± 0.2 (1.0--1.6)        5    0.17
  TG (mmol/L)                     \< 2.30           1.1 ± 0.8 (0.5--1.6)         2    1.3 ± 0.6 (0.7--2.2)        5    0.7
  ALP (IU/L)                      30--130           98.7 ± 111.3 (41.0--350.0)   7    78.1 ± 23.5 (49.0--124.0)   7    0.64
  AST (IU/L)                      \< 40             57.7 ± 46.5 (16.0--135.0)    7    28.3 ± 8.6 (17.0--39.0)     6    0.16
  ALT (IU/L)                      \< 40             59.4 ± 50.3 (15.0--141.0)    7    25.0 ± 7.1 (20.0--30.0)     2    0.39
  Total bilirubin (umol/L)        \< 20             7.4 ± 3.0 (2.0--12.0)        7    9.4 ± 4.4 (3.0--17.0)       7    0.34

Values represented as mean ± standard deviation (range). Time of steatosis detection for determined within ± 1 mo of steatosis detection in cases and the corresponding time-point for matched controls. Stimulated c-peptide:glucose ratio is c-peptide at 90 min after MMTT divided by glucose at 90 min after MMTT

One year post-initial CIT, cases tended to have lower stimulated c-peptide levels than controls (0.49 ± 0.27 vs. 0.72 ± 0.25 nmol/L; p = 0.07) with two cases (no controls) becoming c-peptide negative. Five cases were receiving supplementary exogenous insulin vs. two controls. At 5 y post-initial CIT, 6/10 cases and 6/10 controls were c-peptide positive, but no cases and only two controls were insulin independent. There were no differences in graft survival (persistence of c-peptide) or insulin independence by Kaplan Meier analysis ([Fig. 2](#F2){ref-type="fig"}).

![**Figure 2.** Graft survival. Kaplan-Meier curves for c-peptide survival (**A**) and insulin independence (**B**), where blue line = cases with steatosis and red line = controls without steatosis.](isl-5-16-g2){#F2}

Discussion
==========

This case-control study provides longitudinal data on the natural history of hepatic steatosis in a small, but carefully studied cohort of CIT recipients over 8 y of follow-up. After CIT, hepatic steatosis was relatively common and may be detected as an incidental finding on routine abdominal imaging. It is reassuring that spontaneous regression of steatosis is common and there is no evidence of progressive deterioration in liver function tests. Although liver biopsy is the gold standard for defining the presence of steatosis its invasive nature is not ideal for identifying the development or progression of steatosis post-CIT considering the high risk of the procedure.[@R4] Furthermore, the patchy distribution of steatosis after CIT increases the risk of sampling errors compared with other conditions (e.g., non-alcoholic steatohepatitis) where hepatic steatosis is uniform.

US and MRI are non-invasive tools which can detect steatosis and repeated examinations are feasible. Steatosis may appear as heterogeneous echotexture on routine US, but out-of-phase sequences are required to detect fat by MRI and may not be part of routine liver protocols. Although US has been shown to be both specific (77--100%) and sensitive (60--95%) in detecting moderate to severe steatosis (\> 30%) and correlates to biopsy proven steatosis, MRI is thought to be the best noninvasive method to detect steatosis but is expensive and harder to access.[@R8]^-^[@R13] US exams have lower costs, are easy to access and are well tolerated by subjects. US may be less sensitive to detect more minor degrees of steatosis which may explain why one case of MRI detected steatosis could not be confirmed by US. MRIs were generally conducted only at year 1 and 5 post-CIT, while US were conducted 3-times more frequently. Since the metabolic and functional status of islet transplants are dynamic, this report focused on US changes over time in an attempt to identify any relationships between the evolution of steatosis and changes in metabolic status.

Hepatic steatosis was detected in 19% (n = 10/54) of our cohort. Although slightly less prevalent, this finding is consistent with other reports on hepatic steatosis in individuals with T1D (40%), CIT recipients (20--40%), and the general population (13--35%), while it is less prevalent compared with those with T2D, high BMI, and certain ethnicities.[@R3]^-^[@R5]^,^[@R14]^,^[@R15] Despite the relatively higher prevalence of hepatic steatosis in T1D, it was not observed pre-CIT in our cohort. Furthermore, the distribution of steatosis observed in CIT recipients appears different; it is more focal in nature rather than diffuse, which may be related to localized (rather than systemic) hyperinsulinemia as a result of graft dysfunction ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}).[@R3]^-^[@R5]^,^[@R7]^,^[@R10]^,^[@R12]^-^[@R14]^,^[@R16]^,^[@R18]

![**Figure 3.** MRI of hepatic steatosis. MR images from an islet transplant recipient with focal hepatic steatosis after clinical islet transplant. Out of phase and in-phase T-1 images are shown in (**A**) and (**B**), respectively. The loss of signal on the out of phase images indicates the presence of fat. These images are of a CIT recipient who is not resident in Alberta and who was included as a case in our previous report (4).](isl-5-16-g3){#F3}

![**Figure 4.** Histology image of hepatic steatosis. Histology from liver biopsy from an islet transplant recipient with focal hepatic steatosis after clinical islet transplant whose MRI is shown in [Figure 2](#F2){ref-type="fig"}. Staining is with hematoxylin and eosin. Multiple vacuoles of fat have been deposited in the liver. The vacuoles did not stain for glycogen nor was hepatocellular glycogenosis observed, although normal amounts of glycogen are apparent in hepatocytes.](isl-5-16-g4){#F4}

The time to hepatic steatosis detection in our study (2 y) and others (0.5--1 y) suggest that a prolonged stimulus is needed for the development of hepatic steatosis, although clearly the interval between transplant and the appearance of steatosis is variable and only a minority develop steatosis.

Biochemical parameters did not differ significantly between cases and controls, with the exception of pre-CIT TC, LDL and bilirubin. However, these concentrations did not exceed normal reference ranges and it is not clear if they contributed to the development of hepatic steatosis or indicate susceptibility to steatosis. There were no significant differences in liver function tests (AST, ALT, ALP and total bilirubin) between cases, controls and other CIT patients followed by our clinic (results not shown).

Our study did not find any significant differences in measures of graft function between cases and controls at time of steatosis detection. The need for exogenous insulin, reflecting a degree of islet graft dysfunction, has been associated with an increased risk for steatosis.[@R3] However, supplementary exogenous insulin use did not differ between our cases and controls. Steatosis seems to be associated with graft dysfunction however longer term outcomes (c-peptide positivity and insulin independence) were inferior in cases compared with controls at 1 and 5 y post-transplant. It is difficult to attribute either causality or even the direction of association since graft dysfunction could lead to local hyperinsulinemia or alternatively steatosis may lead to lipotoxicity.

It is reassuring that steatosis has not been associated with any adverse sequelae despite its persistence for several years. The regression of steatosis in half the cases is also reassuring, although the recurrence of steatosis in two subjects raises questions about the reliability of ultrasound for surveillance where there are lesser degrees of fat infiltration. Due to the small sample size it is difficult to ascertain why some subjects' steatosis resolved while others did not.

Limitations to this study include those inherent to retrospective research. Laboratory results were not always available at time of steatosis detection; therefore a range of ± 1 mo was used. We focused our review on a subset of subjects resident in Alberta with available MRI to limit heterogeneity between subjects, as patients from other parts of the country did not routinely have imaging as frequently, and usually did not have MRI studies. This approach resulted in a small (albeit well controlled) sample, which should be considered when interpreting the data.

Our findings suggest that the presence of hepatic steatosis post-CIT is benign and reversible. Hepatic steatosis was not found to be associated with adverse clinical outcomes (i.e., significant negative biochemical aberrations or increased markers of graft loss/dysfunction) and it resolved in half of the cases. Further prospective investigation on this topic in a larger scale study is warranted to extend the findings of our research, which provides unique longitudinal insights on the natural history of hepatic steatosis in a cohort of CIT recipients.

Patients and Methods
====================

Between 1999 and 2011, 138 patients with T1D underwent CIT at the University of Alberta. Only subjects resident in the province of Alberta who had undergone both MRI and US imaging after CIT were included in this preliminary report. MRI was generally performed at 1 and 5 y post CIT. Recipients from other provinces (n = 54) were excluded from this analysis because the frequency of radiological monitoring was insufficient and not all original images were available for review. Ethics approval was obtained from the Human Research Ethics Board at the University of Alberta.

Identification of hepatic steatosis
-----------------------------------

54 of 84 Albertan subjects had MRI exam reports available. Cases of hepatic steatosis were defined on the basis of the presence of decreased signal on out-of-phase T1 MRI images of hepatic steatosis (non-invasive gold standard).[@R10]^,^[@R16] Hepatic steatosis (positive/negative) was also assessed by US imaging performed prior to CIT and throughout post-transplant follow-up. No subjects had evidence of hepatic steatosis prior to transplant. Ten patients (18.5%) had MRI-confirmed hepatic steatosis. These cases were matched to controls for age (n = 10). Control subjects had no evidence of steatosis on any MRI. All available case US scans (1999--2011) were reviewed by two radiologists who were not aware of the metabolic status of the subjects.

Clinical characteristics, biochemical parameters and graft function of subjects
-------------------------------------------------------------------------------

Demographic, anthropometric and biochemical parameters were reviewed pre-and-post initial CIT and at the time (± 2 weeks) steatosis was first detected on US to examine potential relationships with metabolic and graft function.

Graft function at time of US steatosis detection ± 6 mo in cases and the corresponding time-point for their respective controls was assessed according to glucose and c-peptide responses to a standardized mixed-meal tolerance test (Ensure meal test), and supplementary exogenous insulin requirements (following most recent CIT and at mixed-meal tolerance test).[@R17] Long-term graft function was assessed by c-peptide status and exogenous insulin use at 1 and 5 y post-CIT.

Statistical analysis
--------------------

Clinical and biochemical data were reported descriptively as mean ± standard deviation (range). Unpaired Student t-tests were used to compare data from cases and controls. Analyses were performed using Microsoft Excel 2010 and Statistical Analysis Software (SAS; version 9.1 SAS Institute, Cary, NC, USA). P-values \< 0.05 were considered statistically significant.
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